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SUMMARY
An applicationfairfoildesi~methodswasusedto designseries
ofrelatedturbine-bladeprofilesto satisfytheconditionsof inletflow
angleandturningangleencounteredintheusualrangeof turbineoperatio~
A seriesofbladeprofilesapplicabletomostturbinebladingrequirements
anda secondaryserieswithparticularreferenceto @pulseconditionswere
designed.Fivebladesectionsfromtheseseriesranginginmec&line
turninganglesfrcxn65°to 120°weretestedinlow-speedcascadetunnels.
Fromlow-speed-testresultsoptiniumbladeanglesof”attackw=e selected
at eachtestcondition.Theinducedemgleandthedeviationangleof the
‘- flowweredeterminedfromthelow-speeddata. Iftheseemglesereknown
forthesolidityandinletangleofan application,thenecessarycsmber
4 isspecified.A methodofpredictinghigh-speedpressuredistributions
fromlow-speedcascade-testresultsispresentedto extendtheusefulness
ofthelow-speedata.Samplehigh-speedtestsoftwoof thefiveblade
sectionsweremadeatMachnumbersup to thecriticalvalue.Theresults
indicatedsatisfactoryflowconditionsinallthebladepassagestested.
INTRODUCTION
Currentmethodsof selectingturbineblade
on apiricalrulesderivedfromexperiencewith
sectionsarebasedlargely
steamandgasturbines.
Inm@y applicationssatisfactory;esultshavebeenobtain6dbutno system-
aticmethodofdesi@ng suitableturbinebladesectionshasbeenpublished.
In thecaseofcloselyspaced,highlycamberedbladessuchas areencoun-
teredinturbinepractice,thetheoreticaldeterminationof theblade
shapesisa difficultproblem.A numberoftheoreticalmethodsofvarying
degreesofapproximationhaveappeared(forexsqle,refs,.1 to 5).
%rpersedesdeclassifiedNACAResearchMemorandumL53G15by JsmesC.
DunavantandJohnR.Erwin,1953.
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Forisolatedairfoilsit isposs~bleby theoreticalmeanstoderive K
thepressureorvelocitydistributionabouta givenprofile.Onthe
basisof thistheorya stipleproceduiehasbeendeveloped(ref.6) in k
whichthetheoreticallydeterminedbasicthicknessdistributiona dmean
camberlinearesuperimposedtodeteqinetheshapeof theisolatedpro-
filecorrespondingtoanydesiredpre@rPedistribution.
Thepurposeofpresentinvestigationwastodeterminea relatedblade
seriesthatwouldhavesatisfactoryaerodynamicperformancethroughoutthe
rangesof inletangleandturningangle@counteredincurrentaircraft
gasturbinepractice.Inthiswork,thesaneprocedureusedinthe
—
isolated-airfoilcaseof superimposinga thicknessdistributiona mean
camberlinehasbeenfollowed.By thismethod,an infinitenumberof
bladeprofilescoveringa widerange@ c-amberscanbe designed.The
basicthicknessdistributiona dtheshapeofthecamberlineforblade
seriesweredeterminedby cut-and-tryproceduresinvolvingtestsina
low-speedcascadetunnelandgraphicalflowstudieswiththeaidofa
wire-meshplottingdevice(ref.7).
Inordertoverifytheperformanc&ofbladeseriesdevelopedby this -
method,fiveprofilesdesignedforwidelydifferingturbineoperatingcon-
ditionsweretestedincascadetunnels..Twooftheprofileswereinvesti- ~
gatedat speedsup tothecritical;however,chokingflowswerenot -
obtained.l?romlow-speedtestresultsjoptimumbladeoperatingcond~%ions
wereselectedat eachtestcondition.Thesedataareusedasa basisof a L“
methodwhichispresentedfordeterminingbladingconfigurationforgiven
designvaluesof turningangleandinl@ airangle.
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SYMBOLS
flowarea
bladechord
pressurecoefficient,P -:~-&
pressurecoefficienta lows~eeds
camber,expressedas desi~ liftcoefficientof isolated
airfoil
coefficientoftotalforce~aralleltomeanvelocity
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wakemomentum
ratioofwake
lossin wake
Wch nunber
mean-linelength
pressure
differencecoefficient
forcecoefficientto titegratedtotal-pressure
resultantpressurecoefficient;differencebetweenlocalupper-
andlower-surfacepressurecoefficients
dynamicpressure,IF@
tangentialspacingbetweenblades
PO-Ppressurecoefficient,—
~~
bladethicbess
velocity
wakewidth
chordwisedistancefrombladeleadingedge
perpendiculardistancefrombladechordline
angleofattack;anglebetweenenteringflowdirectionand
chord
airanglemeasuredfromaxial(seefig.1)
ratioof specificheats
turningangle
density
solidity,chordspacingratio~c/s
anglebetweenleavingflow
%
A13deviation
v
linedirection
‘einduced changeindirectionof theleadingedge
directionandtrailing-edgem an-
stagnationstreamlineat the
4L/D
t/c
Subscripts:
1
2
c
m
o
t
w
cr
ratioof
forces
bladeforcesperpendicular
paralleltomeanvelocity
maximumthickness,percentchord
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tomeanvelocityand
upstreamofbladerow,undisturbedstream
downstreamofbladerow
csmber
meanpassage
stagnation
. thicknessdistribution
wake
critical,condition
onbladesurface
BLADE
at firstattainment
SECTIONDESIGN
GeneralDesignCriteria
. .
of sonic
Thesameprocedureusedintheisolated-airfoilcaseof
a thicknessdistributiona meancamberlinehasbeenused
turbinebladeprofiles.Thedevelopmentproceduresusedfor
velocity
toobtain
airfoilmean
linesandthicknessdistributionsaregiveninreferences6 and8,respec-
tively.Bladeseriesweredesignedtohqvesatisfactoryaerodymmicper-
formancethroughouttherangesof inlet@gle andturningangleencountered
incurrentaircraftgasturbinepractice.Forthepurposeofdesigning
bladeseries,flowconditionsweredividedintotwogroupsrequiringdif-
ferentbladesectionstoapproachoptinnmperformance.Onegroupcorre-
spondsroughlytoa reactionturbineconditioninwhichtheflowisaccel-
eratedthroughthecascade;bladesdesi~ed‘@reticularlyforthiscondition
areclassifiedas theprbaryseries.Theothergroupcorrespondsroughly
toan impulseturbineconditionforwhichthe’enteringandleavingveloci-
tiesarenearlyequal;bladesdesigned~ticularlyforthisconditionare
classifiedas thesecondaryseries.TWO ‘dimensionally,thereactioncon-
ditionoccurswhentheturningangleisgreaterthantwicetheinletflow
angleandtheimpulseconditionoccurswljentheinletandexitanglesare
equal.
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Fourcriteriawerebelievedtobe desirableforturbineblade
sections:
4
(a)Turbinebladesshouldhavelowdragandno separationof the
flowfromthebladesurface.
(b)BladesectionshouldhavecriticalMachnumbersclosely
approachingthemaxtiwnvaluesfortheparticularcombinationf inlet
andturninganglesto delayshockformationinthepassage.
(c)Thepassageflowareashould ecreasefromleadingto trailing
edge. Theminhnumareainthebladepassagefora givenbladespacing
shouldbe as largeaspossiblewithoutexceedingtheleaving-flowarea
downstreamof thepassage.
(d)Whenevera penaltyinover-allperformancewouldnotbe incurred,
a meanlineandthicknessdistributionyieldingnearlystraightupper-
surfacetrailingedgesforallcambersisdesirablesincetheleaving-
flowdirectionforsuchsectionsisusuallydeterminedwithincloseLbnits.
k R-imarjSeries
Figure2 givesthetheoreticalmaximumenteringWch numberbasedd on one-dimensionalisentropicflowat chokingflowforinletangleand
turninganglecombinations.Forbladesectionshavinghighreaction,
andhencelowmaximumenteringMachnuniber,highestcritical~ch numbers
willbe obtainedwithbladesectionshavingtheaerodynamicloadingcon-
centratedinthelowMachnumberleading-edger gionsratherthaninthe
trailing-edger gionswheretheflowvelocityishigh. At highspeeds,
surfacevelocitydistributions(forreactionconditionsinparticular)
sre,modifiedby theeffectsof compressibilitysothattheloadingin
thetrailing-edger gionincreasesrelativetotheloadingintheforward
region.Forthesereasons,theflowcanbe turnedquiterapidlyinthe
forwardregionof thebladepassagewithoutexceedingthelocalvelocity
of sound.Highaerodynamicloadingof theblademeanlineinthisregion
isdesirabletoproducea giventotalliftorturninganglewiththelow-
estmaxtiumsurfacevelocityandminimumlosses.Thisalsopermitselec-
tionofa meanlineandthicknessdistributionyieldingnearlystraight
upper-surfacetrailingedgesforallcambers.
Withtheseconsiderationsinview,bladesectionsofarbitrarymean
lineandthiclmessdistributionfortypicalinlet-andturning-anglecon-
ditionswerelaidoutandcompared.Low-speedvelocitydistributionswere
* obtainedforthemorepromisingsectionsbymeansof thewire-meshplotting
device(ref.7)andthelow-speedcascadetunnels.A methodof extrapo-
i’ latingtheselow-speedvelocitydistributionstohigh-speedvelocitydis-tributionswasdevelopedinorderthatthehigh-speedpressuredistributions
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andcriticalMachnumbersofvariousectionscouldbe campared.This
methodof extrapolatinglow-speedcascadetestsresultsisgivenlater.
—
Thisprocess
distribution
wasusedtoselecta singlebasic
shapefortheprimaryseries’.-
SecondarySeries
meanlineandthickness--”
~-
-.
Intheidealimpulsecase,thecriticalenteringMachnumberwould
approach1.0forhighsolidifies.However,at”bothlowandhighsolidlties –
practicalbladethicknessespreventhemhximumcritical~ch numberfrom
beingcloselyapproachedbecausetheaver~gevelocitythroughthepassage
necessarilyremainshighandlargevelocitydifferencesacrossthepassage
areneededtoproducetherequiredlift.,Witha uniformaveragevelocity
throughthepassage,highestcriticalhkchnumberswillbe obtain~by
distributingtheloadingalongtheentirechordthuscurvingthemean
—
linenearthetrailingedge.Therefore,thedesireforstraightrailing
edgeswascompromisedtodistributeheloadingmorewenlyalongthe
chordandobtainhighercriticalMachnumbers.
A developmentsimilartothatof theprimaryserieswascarriedout
to obtaina secon&rybladeseriesmoresuitablefortheparticular d
requirementsofhpul.seandlow-turningb-de operatingconditions.
b
MeanLines
Figures3 azId.4giveordinatesofthebasicprimaryandsecondary
seriesmean-lineshapesintermsof %0 = 1.0. Thedesignationforthese —
meanlinesisgivenby thesystemusedinreference9. Inthepresent
development,hefree-streamliftcoefficient”Czo,isa parameterused
onlyforconveniencetorelatetheordina@softhemeanlinesoffigures3
and4 tothedesignvalueofturningangleandinlet
Therelationis
ec= EI+ A9tiduced+ Aedwbtion=
II
()Wctan-lCto —~ 0.5
angle.(Seefig.1.) -
.
-tan
()
@c
-1Clo-&
95
meanlineattheslopesofthe
-.
where
(%).., ‘d (%)3 ‘e
0.5percentchordand95percentchordfor c1 = 1.0. KU qpazrtities”in .0
thisrelationarelmownexceptC20 andthevaluesof Ae. A r-so~ble &..-
.-
asswnptionforthevaluesof A9 canbemadeon thebasisoftestresti”ts
—
@–tobe describedlaterandth~ Czo canbe calc~atedbY a s~Ple
—
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trial-and--or
fromthevalues
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solution.Theblademean-linecoordinatesareobtained
offigures3 or4 by thefollowingrelation:
Y= ‘ %o(yc)czo=l. o
ThicknessMstributionandThickness
Thicknessdistributioncoordinatesforthetwobladeseriesare
tabulatedinfigures3 and4 fora 20-percent-chordmaximumthickness
andconversionsto othermaximumthicknessesaremadebymultiplyingthe
ordinatesoftheuncsmberedairfoilsectionby theratioofthedesired
thicknessto thetabulatedthickness.Positionofthemaximwt~ckness
fortheprimaryseriesiswellforwardat 20percentof thechordrather
thsmnearerthetrailiqgedgewherethemirdmumor chokingpassageareais
usuallylocated.Forthesecondaryseriesthepositionofmaximumthick-
nessshiftedrearwardto@ percentofthechordnearthepositionof the
‘maximunbladepassagearea(wheretheflowhasturnedtoaxial).The
valueofmaximumthicknessforanyparticularbladeconfigurationswa
selectedsoas tobe consistentwiththedesirestohavetheareawhere
chokingwilloccura maximumandtoeliminatelargeflowareaincreases
(diffusion)withinthebladepassages.Variationoftheblademaximum
thicknesswithintheselimitsis deemedtohaveUttleeffectuponthe
flow.
On ordinaryairfoilswherethecamberislow,thethicknessdistri-
butionislaidoutonperpendicularstothemeanlineaboveandbelowthe
meanlineat stationsdistributedinproportiontothechordlength.How-
ever,inthecaseofa highlycamberedturbinebladesection,themeanline
maybe asmuchas ~ percentgreaterin lengththanthechordline. In
thiscase,thethicknessis distributedalongthecurvedmean13neonper-
pendicularsstationedinproportiontothemean-linelength.Thismethod,
illustratedinfigure~,was.usedonthebladesectionsofthispaper.
Theleadlng-edgeradiusvariesas thesquareofthethiclmessratio
whichis defined
theleading-edge
theleading-edge
relation:
Forthesecondary
as-t/ML inpercentforth=camberedairfoil.Therefore,
radiusforthecamberedairfoilLEE@ isobtainedfrom
radiusgiveninfigures3 or4 IJZR/cby thefollowing
t)LER /ma—.—ML c 20
seriesthiclmessdistribution,the
determinedfromthethiclmess-distributionequations
unsuitableandan appropriatevalue(seefig.4) wae
trailing-edgeradiusvariesdirectlywiththic~ess.
leading-edgeradius
afreference8 was
selected.The
‘IWO-DIMENSIONAL
Limitsfortherangeof
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CASCADETESTSOFBIJLDESECTIONS —
P
turbine-bladeoperatingconditionswere
determinedby a studyofmanyturbinesusedinaircraftengines.These
limitsaredefinedby theequationEl= p~+ 550*20° forvaluesat ~1
from00 to650. Averagevaluesof soliditywerechosentobe 1.5and1.8.
Theinvestigationwasconfinedtotheselimits.Bladesectionswere
testedovera rangeof anglesof attackatseveralinletanglesto obtain ,_
theoptimumangleofattackandturning.Theoptimumangleofattackwas
determinedfromtheblade-surfacepressuredistributionat theleading
—
edgeandconsiderationofwakelosses.‘Ihemethodof selectionof this _.
optimumvalueisdiscussedlater.
Blade-SectionModels
Thebladesectionswerectiberedwithmeanlineshaving
arbitrarily5°greaterthanthedesiredtw%ingangle.This
of themeanlinewasan allowancefortheinducedflowangle
camberangles
overturning
at thenose.
Theinducedflowangleor turningof theflowaheadof th=bladerowin
thedirectionoppositetotheturningangleiscausedby thecirculation d
aboutthebladeandispartialI@counteractedby theinterferenceb tween
blades.Previouscascadetestsandflowplotshadindicated5° tobe an
averagevalueof thissingle.The600~d-~50turning-angles ctionswere w
designedwithmaximumthicknessesof 10percentof thechordandthe90°
sndl~” sections,withmaximumthicknessesof 15percentof thedhord.
—
—
Thebladesectionforthe120°turningconditionwasdesignedusing
thesecondaryseries inceturbineblades_operatingwithtvmingmgles
ashighas 120°necessarilywouldbe impulseorverycloseto impulse.
Themm-line turrii~.ofthissectionwas1200;no alloy~cewas~de fog
—
inducedflowanglesinceflowplotsindicatedthisangletobe negligible
at600inletangle.Maximumthicknessof%hissectionwasmade25per-
—.
centof thechordtopreventhepassagefromdivergingexcessivelyat
thecenter.A smallirregularityinthelower-surfaceshapeoccurred
becauseof theextremethictiessofthesection.Thisirregulari~was
removedby usinga circular-arcfairing.Thesebladesectionsareshown
infigure6.
CascadesInvestigated
Thefollowingtablepresentstheconditionsatwhichtestsweremade:-
*—
i-
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Desired Bladesection %lidity u = 1.5and Sk)liditya = 1.8and
turningangle,camberangle,inletairangle$1 of- inletairangle pl of-
8,deg e~, deg 0° 150 300 45? 0°10°15°20°# 30035040°45060°
60 65 a a a a a a
75 80 a a a a b a,b b b a,b b
90 95 a a a a b a,b b b a,b
1~ llo a a a a
120 120 a
‘%w-speedtests.
%igh-speedtestsf.
.
m-speed tests,identifiedby thelettera,wereconductedovera large
rangeofangleofattack.High-speedtests,”identifiedbytheletter~,
wereconductedat a singleangleof attackorthrougha verynarrowrange
of angle ofattack.
Low-SpeedTests
Descriptionfequipment.-Thetestfacilitiesusedin thisinvesti-
gationweretheLangleylow-speedcascadetunnelsdescribedinrefer-
ence10. Onemajormodificationhadbeenmadeinthelargercascadetun-
nelby reducingthetestsectionwidthfrom20 inchesto 10 inches.All
testsweremadeby usingsolidwallsinthetestsections.Bladechords
were6 inches.ThehighestbladesurfacevelocityattainedInthesetests
was206feetpersecond;hence,compressibilityeffectswerenegligible.
TestReynoldsnunbers.-As thepressureavailablefromtheblowerwas
limited,a reasonablyhighdynamicpressureorReynoldsnumbercouldnotbe
obtainedatalltestconditionsdueto thelargevariationinpressure
dropacrossthebladerow. Hence,thetestswererunatnearmaximum
outputoftheblower.Reynoldsnumbersbasedonthechordandupstream
velocityshowedwidevariationwithtestconditionsandin somecases
wereas lowas 120,000whichiswithintheordinaryrangeof critical
Reynoldsnmibersatwhichhighlossesoccurincascade.LowestReynolds
numberswereobtainedonbladeconfigurationshavinglargepressuredrops
acrossthebladerow. Hence,theupstreamvelocitywasthelowestvelocity
inthecascadeandtheflowveloci~increasedrapidlyinthebladepassage.
TheReynoldsnumberbasedonupstresmvelocityundersuchconditionsis
thereforeof questionablevalue.BybasingtheReynoldsnumberonthe
averageoftheupstreamanddownstreamvelocities,a moresuitableindex
isobtained.Forthisassmnption,therangeofReynoldsnumberforthe
low-speedtestswasfrom520,000to500,000.
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Reductionofdata.-
upstresmdynamicpressure
Nondimensio@lforcecoefficientsbasedonthe
~1 werecalculatedfrompressuredistribution,
turningangle,andwake-s~y data. Themethodusedincalculatingblade
forcecoefficientsI givenin reference11. Comparisonof theforce
coefficientperpendicularto thechordcalculatedfromturning-angledata
andtheforcecoefficientfromtheintegratedpressuredistributionwas
madeasan accuracycheckonthetestslandthesedataagreedwithin5 per-
cent. The WI and %1 valuesprespntedare,respectively,thewake
momentumdifferencecoef~icientandthecoefficientof thecomponentof
thetotalforceon thebladeparalleltothemeanvelocity.Theratioof
forcesperpendicularndparalleltothemeanvelocityL/D wascalculated
forbladecomparison.
High-SpeedTests
Descriptionf equipment.-Testsweremadeoftwoof thebladesec-
tionsinthe7-inch igh-speedcascadetugnelat theLangleyLaboratory.
A diagrammaticsketchof thetunnelis,showninfigure7. me kO-inch-
diameterductisusedas a settlingchynber.Twoscreensarecontained
inthisducttoinsureuniformflowaheadofthetunnelinletfairing.
Thetunnelupperandlowerfloorsareattachedtotheinletfairings.
Bothfloorsareadjustablein thevert$caldirection.Thehorizontal
adjustmentofthefloor endsismadeby telescopingthefloorplates.
Thetunnelsidewallsconsistof large;circularassemblieswhichare.._
rotatedindependentlyof theside-wallinletfairingandthefloors.
Eachsidewallcontainsa protrudingslot+connectedtoa suctionpumpfor
removalofthebounda~layer.Thetestsectionincorporatingseven
1.2-inch-chordbladesislocatedapproximately7* inchesdownstreamof
theprotrudingslots.Boundarylayeronthefloorsisbledoffby dis-
chargingtheflowbetweenflexiblefltirextensionsandtheupperand
lowerbladestotheatmosphere.Suctionchambersconnectedtoan exhauster
areinstalledtoremovethisflowwhen.theupstreampressureis insuffi-
cienttodischargetheflowtotheatmosphere.
Dueto limitedblowerpressureratio,a diffuserwasconnectedto
thecascadedownstreamof thebladestoincreasethepressuredropavail-
ableacrossthecascade.A straightalumi?-umplatewasattachedtothe
trailingedgeof thelowerbladeandsealedat thebladetrailingedge
andat thewalls.A secondplateconsistingofa 2&inchstraightsec-
tionfollowedby a diffusersectionwadconnectedtothetrailingedge
ofthetopblade.Linkageskeptthestraightsectionsparallelandpro-
videda meansofpositioningthefloor$.
Totalpressureandtotaltemperaturew remeasuredupstreaminthe
inletduct. Static-pressuretapswere,locatedin thesidewallsbetween
theprotrudingslotandthebladerow. Flowangleupstreamwasmeasured
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witha removableprobeat threepointsona lineparallelto andjust
behindtheslot.Downstreamstatic-pressuretapswerearrangedina
d rowparalleltothebladerowonthesidewallandina rowparallel
totheflowdirectiononeachfloor.A 17-tubetotal-pressurerakewas
insertedthrougha slotinthe2&inchstraightsectionoftheupper
floortomeasurethelossintotalpressurecausedby thecenterblade.
Testprocedure.-Theinletairanglerelativeto thecascadeof
bladeswassetby rotatingthecircularside-wallplatecontainingthe
bladerow. Theangleofattackofthebladeswassetby meansofan
inclinometer.
Uniformityofupstreamflowconditionswasdeterminedfromthree
angularmeasurementswiththeremovableyawprobe,upstreamwallstatic
pressure,andstaticpressuresontheleadingedgesof thesecond,fourth,
andsixthbladeswhichcontainedspecialorificesforthispurpose.Flow
conditionsupstreamwerealteredby adjustingthefloorpositionsandby
controllingtheboundary-layerbleed-offonthefloorsandwalls.Down-
streamflowconditionswereadjustedtoobtainequalstaticpressureon
thesidewallsandfloorsby changingthefloorangle.Theleaving-flow
directionfora particularcascadeconfigurationwasassumedtobe parallel
to thefloordirectionwheneqyalstaticpressureswereobtainedonthe
.
floorsandwalls.Insertionof thetotal-pressurerakeintotheflow
causedchangesinthebhde-surfacepressuredistributionaswellas in
* theupstreamanddownstreamMachnumbers.Therefore,alltestdata,
exceptforthetotal-pressureloss,wererecordedwiththerakeremoved.
Lossmeasurementsweremadeat identicalblowerspeedsandtunnelset-
tingseventhoughrakeinterferenceaused ifferencesin thestatic
pressuresonthewallsandfloorsdownstream.
Testsweremadefora rangeof speedsincludingcriticalbladespeed.
Chokingflowswerenotobtaineduetolimitedblowerpressureratio.
AverageReynoldsnumbersforthehighestspeedscalculatedin thesame
manneras forthelow-speedtestswerebetween1,200,000and1,~,000.
Reductionofdata.-Noml-forcecoefficientswerecalculatedfrom
theintegratedpressuredistributiona dfromdifferencesof themomen-
tm andpressureupstreamanddownstreamforeachtest.A comparisonof
thesevaluesmadetodeterminetestingaccuracyshoweda naximmndiscrep-
ancyof 8 percent;generally,thediscrepancybetweenvalueswasmuch
lessthanthemaximumof8 percent.An additionalcheckwasmadeto
determinewhetherthebounda~-layerbuild-upthroughthecascadewas
sufficienttopreventhetestsfrombeingconsideredtwo-dimensional.
Thetwo-dimensionalm ssflowthroughthebladepassageat thecenterof
thecascadewascalculatedfromupstreamconditionsandcomparedwitha
similarmassflowcalculatedat thedownstreamrakeposition.Thiscom-
parisonshowedthemassflowdownstreamtobebetween3 percentlessand
s percentgreaterthantheupstre=flow.Thewallboundarylayer,
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therefore,wassmallandthetestswereconcludedtobe verynearly
two-dimensional.
A wakeforcecoefficientwascalculatedusingthemethodgivenin
reference12 for determiningdrag-coefficientvalues.Additionalassump-
tionsweremadeinapplyingthismethod@-oa cascadein that thedown-
streamconditionswereassumedtobe free-streamconditionsandthe
staticpressureat the~ke wasequalto fhestaticpressurefardown-
stream.Wakeforcecoefficientswerecalculatedby thismethod;however,
valuespresentedarebasedonthedynamicpressureupstreamofthecas-
cade;hence
[
w Po
- P02dw
Cwl= Fc
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DISCUSSION
TurningAngles
Resultsof thelow-speedtestsareshownInfigures8 to30. The
turningangleincreasesinalmostdirectproportionto theangleof
attack.In figuren(f),however,the~measuredturningangledoesnot
showa comparableincreaseforan increase-intheangleofattackat
leaving-flowanglesnear74°. Withhighexitflowangles,thestraight
portionof theconvexsurfaceno longerformsa guidedregionat the
trailingedge. Thedownstreamshiftof thestraightrailing-edgeper-
tionrelativeto theadjacentblade,especial~inthelowersolidity
tests,isetidentlythecausefortheturning-anglevariation.Fromthis,
itmaybe expectedthatseparationof tbeflowfromthetrailingsurface
willoccurforleaving-flowanglesgreaterthan74°butleaving-flow
anglesintheneighborhoodf 74°msybe &onsideredthenormaldesign”
limit. A nonlinearvariationof 0 with a isobservedinfigure18(f)
at lowanglesofattack.Inthiscase,thelowersurfacevelocitypeak
neartheleadingedgeof theveryhighlycamberedairfoilandthefollowing
increasingpressuregradientmayhaveproducedlaminarseparationoverthe
concavesurfacesincethewakeforcesshowsomeincreaseat thiscondition.
Theturningangledecreaseslightlyat thisconditionbecauseofthe
seconda~bounda~-layerflowalongthewallfromthehigh-pressurelower
surfaceto low-pressureuppersurface.Theresultingthickenedboun&y
layeron theuppersurfaceresultsina greaterflowdetiation
mean-linedirection.
Thehigh-speedtestresultspresentedinfigures31 to49
significantchangeinturninganglewith&ch number.Choking
notobtainedsothechangesinturning,angletobe expectedat
fromthe-
showedno
flowswere
supercritical
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pressureratios(ref.13)werenotinvestigated.Turninganglesmeasured
forthehigh-speedtestsvariedwithangleofattackina mannersimilar
u tothelow-speedtests.MasuredturninganglesfortheMachnumberrange
testedwereconsistentlybetween1°and2°greaterthancorrespondinglow-
speedtestmeasurements.SincenovariationofturninganglewithMach
numberwasobserved,thisdiscrepancyisnotattributedtoeffectsof
varyingReynoldsnumbers.Inthehigh-speedtunnel,theleavingflowis
assumedtobe parallelto thedownstreamfloorplates.Theupper-floor
boundarylayerisformedalonga bladelowersurfacesincetheflooris ,
a continuationfa bladelowersurfacejustasthelowerfloorisa con-
tinuationoftheuppersurfaceofa blade.Hencejbecauseofthedif-
ferentboundarylayers,theflowbetweenthedownstreamfloorsisnot
necessarilyexactlyparallelto thefloorsaswasassumedin obtaining
theturningsnglespresented.
Forconveniencein determiningtheeffectofbladeshapesandinlet
airangleon turninganglefromlow-speedtestresults,thedeviationor
leating-flowanglerelativeto themesn-linedirectionat the95-percent-
chordstationisplottedinfigure50againstbladecaniberangleandin
figure51againstleaving-flowangle.Thesefigurespresenthevariation
ofthedeviationanglefora particularsingleofattackselectedasan
optimumdesigncondition.Themethodof selectingdesignanglesisdis-
cussedina subsequentsection.Infigures50(a)and51(a),thehigh
valueof deviationangleforthe ec = 110° bladesectionat an inlet4
...angleof45°isbelievedtobe a rewlt oflsminarseparation the
lowersurface.Thispoint,therefore,isexcludedinanalyzingthe
deviation-anglevariation.Thedeviationangleforthisbladesectionis
assumedtovaryina mannersimilartothatshowninfigures50(b)
and51(b)forthesamebladesectionata highersolidity.General
trendsindicatedby figures50and51 areincreasingdeviationanglewith
increasinginletairangleforconstantcanber.Thedeviationangle
increasedwithincreasingbladecmnberforconstantairinletangleor
constantexitflowa@j+e.Thelowvaluesof deviationangleindicate
thatthestraightz?q$&!tig.ed essatisfactorilyguidedtheleavingflow.
Thehigh-speedtestsindicatethatforsubcriticalpressureratiosthe
leaving-flowdirectionforturbinebladingincorporatingguidanceis
determinedwithincloselimitsby thetrailing-edgedirection.
WakeLosses
Lowspeed.-Trendsofthevariationofwakelosseswithchanging
bladeconditionsareindicatedinthelow-speedtestresultshownin
figures8 t-cn. Wakemeasurementsarepre~entedas coefficientsdeter-
. minedfromlossesbasedon theupstremndynamicpressure.Blade-section
efficiencyisindicatedby the L/D valuesplotted.At highreaction
-4 conditionsthelargedifferenceb tweentheenteringveloci~onwhichthecoefficientsarebasedandtheleatingvelocitycauseshighdragand
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liftcoefficientvaluesbutthe L/D v&lue’isrelativelyunaffected. *
Generally,L/D ratioIncreasedwithincreasingcamberfora constant
inletflowangle.ThelowersoliditytestsproducedhigherL/D ratios
—
w
sinceincreasedliftwasobtainedwithonlyslightlyhigherdragvalues.
Highspeed.- Valuesof ~1 measuredin thehigh-speedtunnelat
verylowspeedagreewithvaluesmeasuredi_nthelow-speedtunnelswithin ._
theaccuracyofthetestingapparatus.,Wa@momentumdifferencecoeffi-
cientsincreasedslightlywithincreasingMachnuder up to critical -
speed.This,however,isnotan indicationofanydeteriorationfthe
flowbecausea wakemomentumdifference:co~fficientbasedondownstream
ratherthanupstreamdynsdcpressureshows-nosignificantchangein
valuewithinthe
Wakelosses
speedsup tothe
thebladeseries
Machnumberrangeinvestigated.
donotindicateanystro@””effectsof separationat
criticalspeedsandfrom.~hestandpointofwakelosses
areconsideredsatisfactory. -.
SurfacePressureDistributions .-
Low-speedtests.-Theprimarybladeserieshashighcurvaturenear
theleadingedgewithnearlystraightrailingedges.Intestsofthe
primarybladeshapes,thevelocitiesalongthestraight,~oaded trailing-““
edgeportionswereonlyslightlygreatetihantheleaving-flowvelocities
indicatedby thedashat100-percentchord.onpressuredistributions.‘“For
theoperatingconditionoflargevelocityincreasesacrossthebladerow,
thetrailing-edgesurfacevelocity,althoughonlyslightlygreaterthanthe
leaving-flowvelocity,~as-’~emsximumbladesurfacevelocity.Typical
examplesof thisconditiwareshownIn figures22,27,and28. Foroper-
atingconditionsproducinglittleorno:velocityincreaseacrosstheblade
row,thehighlyloadedleadingedgeand!therelativelyhighentering
velocitycausedupper-surfacev locitiesneartheleadingedgetobe far
greaterthantheleavingvelocityas seeninfigures10,13,and16.
Inthelow-speedtests,detrimental”effectsduetohighvelocities
neartheuppersurfaceleadingedgewerenot,evident.No separationof
theflowfromtheuppersurfacewasdetectedin thesetestsfornormal
operatingconditions.On thelowersurfacehighvelocitiesoccurrednear
theleadingedgeofhighlycamberedbladesat lowsinglesofattack.me
steeppositivepressuregradientsfollo~~ thevelocitypeakssometimes
causedlsminarseparationftheflowfromthelowersurface.Forexample,
thedashedpressuredistributionffi~e 29(a)showstheres~ting
separatedregionj,ustbehindthenoseonthelowersurface.Thissepara--
tionresultedina reverseflowregioni,nthebladepassagenearthelower
surface.Seconda~boundary-layerflow.alo~thewallresultedina thick-
enedboundarylayeronthebladeupperdtifaceand,hence,a lowerturning
angle.Increasingthestreamturbulenceby insertinga l/2-inchmesh
4
—
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screenupstreamofthebladerowgreatlyreducedtheextentof theseparated
region.Thismethodwasusedto obtainthetestsshowninfigures17,18,
w 29,and30. me constant-pressureregiontypical.oflminarseparationis
notdetectableon thesepressure-distributionpl tsnorwasanyflowrever-
salindicatedinthesurveys~de inthebladepassagewitha smalltuft.
However,inthelowangle-of-attacktestsoffigures18and30,thedrag
valuesarehigherthanathigheranglesofattack.
Pressuredistributionsfromtestsofthehighlycamberedsecondary
bladesectionareshown,infigure~. hbreuniformdistributionfthe
aerodynamicloading(fig.~)alongthechordresultedina bladeshape
havinga curvedtrailingedgeandnearlyuniformpressurealongtheupper
surfaceat testconditionsproducingneg~giblevelocityincreaseacross
thebladerow. Mme nearlyidealsurfacevelocitiesthanforthereaction
bladeseriesareobtafnedforthisparticularconditioninthathigher
enteringMachnumbersareexpectedbeforesonicvelocityoccurson the
bladesurface.Also,higherflowswouldbeobtainableb forechoking
occurssincethecurvedtrailingedgeallowslargerminimumareasfor
equalleaving-flowangles.
High-speedtests.-Theblade-surfacepressuredistributionsmeasured
duringthehigh-speedtestsweresimilarin shapetothelow-speeddistri-
butionsalthoughthepressurecoefficientS increasedwithincreasing
spee,d,especiaUyforthehigher velocity regions.Hence,forreaction
conditionstheloadingshiftedrearwardwithincreasing&ch number.
Examplesof thismaybe seeninfigures33,>, 42,and43. Radical
changesinthepressuredistributionccurredasbladesurfacespeeds
exceededsonicspeedandshocksformedinthepassage.hfigure 46(b),
theeffectofa shockonthepressuredistributioncanbe seenas the
pressurecoefficientdecreasesabruptlyintheregion earthe20-percent-
chordstation.At mosttestconditions,onicvelocitywasexceededonly
slightlyduetothelimitedblowerpressureratio.
As inthelow-speedtests,separationwasnotobservedforthese
bladeserieswithintherangeof conditionsinwhichthebladeswouldbe
expectedto operate.Inthisrespect,therefore,thebladeseriesare
consideredsatisfactory.
CriticalhkchNumbers
EnteringMachnumbersarelimitedby chokingofthebladepassage;
however,lossesinbladingcanbecomesignificantbeforechokingoccurs.
Limitingenteringlkchnumbersbasedonlossescmnotbe establishedfrom
thehigh-speedtestssincethetestvelocitieswerelimitedby theavail-
ableairsupply.EnteringMachnunibersinexcess.of criticalwere
obtainedwithoutexcessivewakeforcesinhigh-speedtestssuchas those
offigures38,40,and42. Thesetestsdidnotcovertherangeof
16 NACAm 3802
dischargel&chnumbersofsonicandabove,andbladeoperatingcharacter-
isticsat thesespeedsareunknown.
Representativet stvaluesof criti~al_speedsaregiveninfigure72.
CriticalMachnumberscalculatedlythemethodofapplyingcompressibility
effectstolow-speedpressuredistributionsgivenina subsequentsection
areshowninfigure72todifferlittlefromtestvalues. CriticalMach
numbersapproachthetheoreticalmsximumMch numberforthecascadecom-
binationwhenoperatingina reactioncondition.However,as impulsecon-
ditionsareapproached,maximumI%chnuinberincreasesmorerapidlythan
thecriticalI&chnumber.TheoreticallyJatan impulseconditiontheflow
couldbe diffusedandturnedwithinfinitelythinbladesectionstoyield
criticalMachnumbersequalto1.0. Practically,however,thesmountof
diffusionpossibleislimitedandthebladethicknessmustbe necessarily
brge;hence,criticalMachnumbersat impulseconditionsaremuchless
thanthemaximum.ThecriticalWch numberfora secondary-seriesblade
designedspecificallyforimpulseconditionswithuniformloadingalong
thechordishigherthanthatofthepriqarybladesection,however,as
canbe seeninfigure72. Inordertoestimatethecriticalspeedof the
secondaryblade,compressibilityeffects”wereappliedtothepressure
distributionbtainedfromtheW’ire-meshflowplotof thisbladesection.
CriticalMachnumbersnearmaximumwereobtainedat reactioncondi-
tions. However,forhnpulseconditions,,bladesectionswithcamberinthe
trailing-edgeregionhavehighercriticalMachnumbersthanbladesections
withstraightrailingedges.Therefore,withrespectothecritical
Machnumber~thebladeseriesalsomaYbe consideredsatisfactory.
ApplicationfCompressibilityCorrectionstoLow-SpeedTests
Datacanbe obtainedfromlow-speed:cascadetestswitha minimumof
equipment,ime,andcomputation.The~ta.areofvaluefordirectuse
andforcomparingdifferentbladesectionsintendedtoaccomplisha given
task. Inmos~turbomachines,however,thebladesoperateathighspeeds
sotheeffectsresultingfromthecompressibilityoftheflowmustbe con-
sidered.Thisisparticularlytrueofa$rcraft-engineturbineblading,
forthevelocitiesleavingthebladesar+us_311ynearsonic.A method
isrequired,therefore,forcorrectinglQw-8~eedcascadepressuredistri-
butionsforthefirst-orderffectsof compressibilitynordertoesti-
matethehigh-speedpressuredistribution.No rigoroustheoreticalmethod
ofaccomplishingthiscorrectionisavai~ble.
Thesemi-empiricalprocedureabouttobe describedisderivedfrom
anapproximatem thodusedtoestimatecompressibilityeffectsforisolated
airfoils.ThePr~dtl-Glauerttheoryforthinairfoilsiia freestre&m
leadstoa formularelatingthepressure,coeffici.entCp ata stresnMach
—
.—
—
—
—
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In thepresentmethod,itisarbitrarilyassumedthatthisformulacan
be used‘cocomputethecompressiblepressurecoefficienta a station
intheturbinebladecascadefromthelow-speedvalue at that stationby
replacingMl witha meanvaluetakenacrossthepassageat thestation
in question.ThemeanstreamMachnumber~ isdeterminedfromknown
valuesof thepassagearea &, theenteringstreamtubearea Al,and
theenteringMachnumberMl
relationship
1A\2
fromtheone-dimensionalisentropicflow
7+1
Thepressurecoefficients and Cpo arealso
conditionobtainedfromtheareasAl and Am.
. As thepotentialflowinthetwo-dimensional
(2)
basedonmeanpassage
p ssageisperpendicular
toan equipotentiallineacrossthepassageat my station,theeffective
flowarea Am wil.lbedeterminedby thelengthof thisline. Sucha line
d maybe approximatedwithfairaccuracyby a circulararcwhichisperpen-
diculartobothpassageboundaries.Thecorrectnessof thisassumption
ofareawascheckedon flowplotsmadewiththewire-meshflow-plotting
devicedescribedinreference7. No exactconstructioncanbe givenfor
thesectrculararcssincethepositionandhencetheslopeof oneendof
thearcisnotknown.To facilitatethedeterminationf a suitablearc,
a transparenttemplateconsistingofa seriesofarcsof varyingradiiwas
made. Thismethodis illustratedinfigure53. EqM arclengthson the
templateweremarkedsothatpassagewidthcouldbe readdirectlyon the
templateafterselectingtheproperarc. A plsmchette,a smallsquareof
transparentplastichatingtwolinesat rightanglesanda scaleof inches
inscribedon itfacilitatesselectingtheappropriatearcandreadingthe
correspondingarclength.
Typicalresultsofthismethodofextrapolationf low-speedataare
comparedin figure~ withtheequivalenthigh-speedpressuredistribution
obtainedin cascadetests.Goodagreementofpressuresisnotedin this
casefortheentirebladesurface.Criticalenteringk%chnumbersobtained
by meansof thisextrapolationshowgoodagreementwithtestresultsas
showninfigure52. At Machnumbersgreaterthancriticalthemethodcan-
. notbe usedrearwardoftheshocklocation.In caseswhefietheflowpat-
ternisalteredby‘riscouseffectsathighspeeds,themethodwillobviously
notgivecorrectpredictions.
*
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SelectionofDesignCsmber
.
Theresultsofthelow-speedtestsat constantinletairanglepermit .
theselectionof designbladeoperatingconditions.Interpolationof
resultsbetweenbladeshapesendtestconditionsi madepossibleby the
gecmetricsimilarityofthemeancamber.lines.Thus,by determinbzthe
.-
optimmangleofattackateachinleta“irangleandsoliditythebladecam-
bermaybe obtainedfora desiredtuningangleatthatinletairangleand
solidity.To obtaindesignbladecembe’rs“forotherconditions,an interpo-
lationbetweeninletairangle,turning-angleandsolidityconditionscan
bemade.
Theupper-surfacev locityinthetrailing-edgeregionhasbeen
observedtobe consistentlyslightlyhigherthantheleaving-fluwvelocity.
Sincetheleaving-flowvelocitytillbe a fixedvaluefora givendesign,
thenthesurfacevelocityinthetrailing-edgeregionisalsofixed
leavingonlytheflowintheleading-edger giona variable.Hence,in
selectingtheoptimumangleofattackateachtestconditionofairinlet
angleandsolidity,thecriterionusedwastheflowat theleadingedge
oftheairfoil.Theeffectof circul.at,ion--aroundthebla ecausesa
turningoftheairstreaminthedirecl+on-ofthebladeliftjustaheadof
the.leadingedge;thiscmngeindirec$ionofthestagnationstreamline
at theleadingedgeisreferredtoas inducedflowangle
‘induced”
Thevalueof theinducedanglewasobtainedexperimentallyfortheblade
shapestestedinthelow-speedcascadetunnel.Measurementsweremade
by usingcloselyspacedsurfacepressudeorificesnearthebladeleading
edge. Ineffect,thebladewasrotateduntila pressurequaltofull
totalpressurewasobtainedat theorificelocatedattheendofthemean
lineandtheorificesoneithersideindii-atedequalpressuredrop.The
absoluteaccuracyof sucha measurementasthisisSowandisestimated
tobe onlywithin*3°sinceitdepends,ontheaccuratepositioningofthe
pressureorifices.
Theresultinginducedan@e valuesareshownplotted.infigures55
and56. Themostapparentrendwasl+edecreaseofinducedanglewith
increasinginlet.angle.Thevariation;wit~soliditywasofsmallermagni-
tudeandalmostconstantovertheentiretestrange.Theinduceda@e
islargestat lowinletairangleswhere~h~interferenceofotherairfoils
inthecascadesisleast.Forthepuqjosesof camberselectiona mean
valueof theinducedangleispresentedasa functionofonlytheinlet
airangleandthesolidityas showninfigures55and56. By overcsahering
bladesectionsby thevalueoftheinducedangle,theeffectsofthe
inducedflowaretakenintoaccount.Thus,totalbladecamberormean-
lineturninganglewillbe thesumof theturningangle,inducedangle,
andtheangleof flowdeviationfromthenieanlineexitinganglein_berpo-
latedfromfigure50 or51. Designa@le ofattackofthesectionwill()tic‘-1%0 ~o*5,cio=l.obe themean-lineslope:tan -Aeinduced
*
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. SUMMARYOFEZSULTS
v Theinvestigationconductedtoobtainrektedturbinebladeprofiles
forconditionsof inlet-flowangleandturningangleencounteredin the
usualrangeofaircraftgasturbineoperationyieldedtwoseriesof
airfoil-typeblades.A primaryseriesns developedforreactioncondi-
tionsanda seconda~serieswasselectedtoproducemorenearlyoptimum
resultsat impulseandlow-turningconditions.
Rebtingbladesectionsby thisdesignprocedureallowsinterpolation
ofbladetestresultsanddesignofbladesectionswithgreatercertainty
offlowconditionswithinthebladepassage.A simpledesignprocedure
isgivenwherebybladeprofilesfromtheseseriescanbe readilyobtained
foranydesignconditionin therangeof currentinterest.Satisfactory
bladeperformanceis indicatedby thecascadetestsof fivebladesections
fromtheseseriesforwidelyvaryingconditionswhichproducedthefol-
lowingresults:
1.Separationwasnotobservedforthebladeserieswithintherange
of conditionsinwhichthebladeswouldbe expectedto operate.
.
2. Guidingtheflowby meansof straightrai~ng-edgeportionsis
effectiveinmaintaininga fixedturningangleup to criticalspeed.
d 3.Near-maximumcriticalMachnumberswereobtainedat reactioncon-
ditions.However,forlowreactionconditionsbladesectionswithstraight
trailing edgeshavelowercriticalMachnumbersthanbladeswithcamberin
thetrailing-edger gion.
1.A semi-empiricalmethodforextrapolatinglow-speedpressuredis-
tributionswasfoundtoproduceresultswhichwerein goodagreementwith
highMachnumbertests.Themethodcannotbe usedin caseswherethe
flowpatternisalteredby viscouseffectsor shocks.
LangleyAeronauticalLaboratow,
NationalAdviso~CommitteeforAeronautics,
LangleyField,Vs.,July14,1953.
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Primaryturbinebladesection,eC = 65°,t/c= 10 percent
Primaryturbinebladesection,9C = 800,t/c= 10 percent
P@.msryturbinebladesection,ec = 950,t/c= lS percent
Primaryturbinebladesection,Oc = 1.1OO,t/c= 15 percent
-=5=
Secondaxyturbinebladesection,ec = 120°,t/c= 25 percent
Figure6.-Profiles“ofthefivebladesectionstested.
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Figure22.- Low-speedpressuredistributionsandsectioncharacteristics
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bladesection,ec = 80°.
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Figure25.- Low-speedpressuredistributionsandsection
forthecascadecombinationsB1 = 150, u = 1.8,and
bladesection,e= = 95°.
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Figure26.- Low-speedpressuredistributionsandsection
forthecascadecombinationsPI = ~o, u = 1.8,and
bladesection,e= = 95°.
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Fi@m 31. - High-$peed pressure distributions for macade ccmbinatiom
pl = 100, Iq = @3.40, IS= 1.8 , and primaryturbineblade section,
ec = 80°.
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FiKUR 33. - Itlgh-speedpressure distributionsfor cascade combinations
PI = 15°, q = 53.4°, a = 1.8, andprimary turbine blade section,
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Figure35. - Ei.gh-speed pressure distributions for cascade combhtiom
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ec = 80°.
Io upper
II Loww
4.8
4.0
32
2.4
s
1.6
.8
0
I n
1 <
f
. —
>
/- r-P-’--
A
B 20 40 60 80 100
percent chord
(d Ml ==, M2 =.306i Cw,= .0152;8= 68.8.
, “
surface
surface
4.8
4.0
32
2.4
s
1.6
.6
0
0 20 40 60 80 100
percent chord
(LdM, ‘.47% M2 =.743; Cw =.0196; 8=66.8°.
I
Ngure ~.- EL@-speed pressure dii3tributiom3for cascade conibinations
P1 = 25°, q = 4i3.4°, u = 1.8, ma primaryturbinebkde section,
e= = w.
. ,
, 4 , * ,
x
(o) Ml = ,186; M2”.218; c ‘.0153; O=71.O!
WI
surface
surface
4.6
4,0
32
f
)
\
Sw
2,4 - Y \
s k
%
1,6-,
/
> 1----
.8 > /
0 1 I
0 20 40 60 80 100
Percent chord
(b) Ml~.49% M2E.6%; Cw,=.0175 ;om71.00.
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Figure 40. - Eigh-speeti pressure distributionsfor cascade combinations
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Figure 42.- High-speedpressure distributionsfor cascade combinations
PI = no, q ‘ x-lo, u = 1.8, and prinmry turbine blade section,
ec = 950.
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Figure 43. - IUgh-speed pressure distributions for cascade combinationfi
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Figure 46. - High-speed remure distributionsfor ca6cW combinations$
B1 = 40°, cq = 56.1 , u = 1.8, and prtmxy turbine blade B’ectim,
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Figure 48. - High-speed pressure distributions for cascade combinations
P1 = 45°, q = 61.1°, G = 1.8, and prhmy turbine blade section,
ec = 950.
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Figure 49. - High-speed pressure distributions for cascade ccmbinatlone
P1 = 45°, cq = 64.10, u = 1.8, and primary turbine blade aectlon,
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